Abstract. The improvement of local soils with cement and zeolite can provide great bene ts, including strengthening slopes in slope stability problems and stabilizing problematic soils to prevent soil liquefaction. Recently, dosage methodologies have been developed for improved soils based on a rational criterion as it exists in concrete technology. The present study aims to quantify the in uence of the amount of cement, zeolite, porosity, and curing time in the evaluation of Uncon ned Compressive Strength (UCS) of zeolitecemented sand mixtures. A program of uncon ned compression tests considering di erent voids ratios, cement contents, zeolite contents, and curing times was performed in this paper. The results show that UCS values of samples substantially increase with increasing zeolite content to an optimum value of 30% after 28 days of curing time. The rate of improvement is approximately between 20 to 80% and 20% to 60% for 28 and 90 days curing times, respectively. Moreover, the polynomial models are shown to be the appropriate ones to estimate UCS values of zeolite-cemented mixtures. Additionally, the sensitivity analysis reveals the in uence of parameters and the contribution of each coe cient to the polynomial model. Cement and zeolite contents are related more strongly among relative density and curing time.
Introduction
For many years, soil stabilization with cement has been a ground improvement technique for some engineering applications such as construction of stabilized bases under pavements, canal lining, and engineered lls. This reliable and simple soil improvement technique can provide great advantages including increasing shear strength parameters and avoiding the use of borrowing materials from elsewhere. The compressive strength of arti cially cemented soils has been studied by many researchers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . On the other hand, using additive ber, glass, y ash, silica fume, and nano particle in ce-ment stabilization industry has several advantages [15] [16] [17] [18] [19] [20] . Natural zeolite is one of these mineral materials.
There are few studies about the e ect of natural zeolite as an additive material on the cemented sand. Natural zeolite, an extender, has been investigated for use as cement and concrete improver by some researchers [21] [22] . In this study, the use of a natural zeolite additive, as a potential improver of cemented sand, is investigated. Natural zeolite contains large quantities of reactive SiO 2 and Al 2 O 3 [21] . Similar to other pozzolanic materials, zeolite substitution can improve the strength of cement by pozzolanic reaction with Ca(OH) 2 , can prevent undesirable expansion due to alkali-aggregate reaction, reduce the porosity of the blended cement paste, and improve the interfacial microstructure properties between the blended cement pastes [21, 23, 24] . It has been observed that pozzolanic activity of natural zeolite is higher than that of y ash but lower than that of silica fume [21] . It was concluded that the clinoptilolite blend decreases the speci c gravity of cements [25] . There are several investigations about the relationship between Uncon ned Compressive Strength (UCS) and voids/cement ratio of cemented sand [1, 6, 7] . However, the existing equations based on voids/cement ratio cannot properly estimate UCS values of zeolitecemented sand mixtures. Therefore, in this paper, polynomial models are used for predicting them.
This study aims to investigate the e ects of zeolite, cement, curing time, and porosity on the strength of zeolite-cemented sand mixtures. In this paper, rst, experimental program was presented and discussed in detail. Then, polynomial models for predicting UCS values were de ned. Finally, sensitivity analyses of zeolite-cemented sand mixtures were described.
Experimental program
Several uncon ned compression tests were performed and the results are considered in this paper. Cement content, replacement of cement by zeolite, relative density, and curing time are the variables measured in the testing program. Table 1 shows the variables considered in sample preparation and testing. The positive e ects of zeolite on the strength of cemented sand requires the curing time due to the pozzolanic reactions. So, the curing times of 28 and 90 days are selected. The experimental program is carried out in two parts. First, the geotechnical properties of the sand, zeolite, and cement were characterized. Then, a series of uncon ned compression tests were carried out and discussed.
Materials
The materials in this study include Babolsar sand, Portland cement type-II, and natural clinoptilolite kind of zeolite.
Sand
The sandy soil used in the present study was obtained from the shores of the Caspian Sea (from the city of Babolsar, northern Iran). The sand was classi ed as poorly graded sand (SP) according to the Uni ed Soil Classi cation System with angular particle shape and speci c gravity of the solids 2.74. The grain size is purely ne sand with mean e ective diameter (D 50 ), uniformity, and curvature coe cients of 0.24, 1.75, and 0.89 mm, respectively. In addition, the minimum and maximum unit weight values are 14.9 and 17.7 kN/m 3 , respectively [26, 27] . The grain-size distribution curves of sand are presented in Figure 1 
Because the speci c gravity of the cement grains is 3.11, sand is 2.74, and zeolite is 2.2, a composite speci c gravity (G s ) based on the cement, sand, and zeolite percentages in the specimen was used for the calculation of voids ratio and porosity. Sand, cement, and zeolite (based on Table 1) were mixed uniformly, then tap water (10% by dry weight of soil) was added continuously to the mixture. In order to reach the speci ed dry unit weight, each mixture was compacted in three layers based on the under-compaction method.
The top of each layer was slightly scari ed. The time used to prepare, mix, and compact was always less than 1 hour for all of the samples. It should be noted that using zeolite increases the initial setting time of cement. In order to determine moisture content, small portions of the mixtures were taken. The specimens were placed in plastic bags and cured in a humid room at 24 C and relative humidity of above 90% for 7, 28, and 90 days. The uncon ned compression test is one of the major and rapid laboratory tests that can be used to evaluate the e ects of the zeolite content, porosity, cement content, and curing time on the mechanical strength of the zeolite-cement-sand mixtures. Totally, 216 uncon ned compression tests were performed in accordance with ASTM D-2166 [28] .
Modelling using polynomial models
Over the last few years, the polynomial models have been applied to many geotechnical engineering problems and demonstrated some degrees of success. In this eld, Kalantary et al. [29] , Ardalan et al. [30] , Mola-Abasi et al. [31] , and Kordnaeij et al. [32] applied polynomial models to predict undrain shear strength of clays, pile bearing capacity, liquefaction induced lateral displacement, shear wave velocity, shear wave velocity, and recompression index of consolidation based on geotechnical soil properties, respectively. Thus, this approach can be used in empirical correlation of zeolitecement-sand mixture's UCS. The basic assumption is that a pair of input parameters can be connected through a polynomial function to outputs. The task is to nd a function, f, that can be approximated to an observed function f in order to produce the value of the output,ŷ, for a given value of the input vector, X = (x 1 ; x 2 ; x 3 ; :::; x n ), such that the di erence betweenŷ and y is minimum.
Therefore, for a given M observations of multi-input, single output data pairs are obtained as follows:
y i = f(x i1 ; x i2 ; x i3 ; :::; x in ) where i = 1; 2; :::; M: (2) It is possible to use a polynomial function to predict the output values,ŷ i , for any given input vector, X = (x i1 ; x i2 ; x i3 ; :::; x in ), such that: y i =f(x i1 ; x i2 ; x i3 ; :::; x in ) where i = 1; 2; :::; M: (3)
The challenge is to de ne a polynomial function, such that the square of the di erences between the observed output and predicted one are minimum:
hf (x i1 ; x i2 ; x i3 ; :::; x i ) y i i 2 ! min :
The general connection between input and output variables can be expressed by a discrete form of the Volterra functional series, known as KolmogorovGabor polynomial [33] . Hence:
a ijk x i x j x k + :::
This mathematical description can be represented by a system of quadratic polynomials consisting of only two variables in the form: y =G(x i ; x j ) = a 0 + a 1 x i + a 2 x j + a 3 x i x j + a 4 x 2 i + a 5 x 2 j :
The coe cients a i in Eq. (6) are calculated using regression analysis, so that the di erence between the observed output, y, and the calculated one,ŷ, for each pair of x i and x j as input variables is minimum:
Using the quadratic expression in Eq. (6) for each of the M rows, the following matrix can be obtained:
where a is the vector of unknown coe cients for the quadratic polynomial function in Eq. (6) : (9) A least-squares optimization approach for multiple regression analysis leads to the solution of the normal equations:
The vector is given the best-t coe cients for Eq. (6) for the whole set of M data triplets. Figure 2 shows the stress-strain curves of specimens, stabilized with cement contents of 4 and 8% and di erent zeolite contents (for Dr = 85%) cured in 7 and 90 days. It can be observed that the maximum axial stress increases considerably and the corresponding strain decreases due to cement stabilization. However, the strain corresponding to the maximum axial stress increases with increasing zeolite content. In other words, utilizing zeolite in cemented sand increases strain at failure and reduces brittle behavior. Since the main purpose of this paper is estimation of the UCS values, less attention has been paid to the study of strain and failure.
Results and discussion

E ects of cement and zeolite contents
Results of uncon ned compression tests for samples with cement contents of 2, 4, 6, and 8% and zeolite contents of 0, 10, 30, 50, 70, and 90% cured in 7 to 90 days are indicated in Figure 3 . It is seen that for a given Dr and zeolite content, UCS value increases with increasing cement content after 28 days. By adding zeolite to cemented sand, UCS values of mixtures increase to a peak point, and then reduce. It is noteworthy that zeolite is composed of amorphous minerals without de nable crystalline structure and both cement and zeolite are predominantly formed of silica and alumina, chemically. Therefore, pozzolanic reactions, time-dependent chemical reactions between cement and zeolite particles, were occurred after 28 days of curing. Such reactions take place because silica and alumina within the zeolite structure react with water and cement to form calcium silicate hydrate and calcium aluminate hydrate gels, which consequently crystallize to hold the structure together. Adding zeolite into the mixture increases the amounts of alumina and silica, grows reactions with cement, and subsequently increases mixture strength. Because of cement content reduction, the amounts of calcium silicate hydrate and calcium aluminate hydrate gels decrease with increasing zeolite contents more than 30%. Therefore, the results show that the maximum value of UCS for mixtures occurs at the zeolite content of 30%. di erent relative densities at the zeolite content of 30%. This rate of increase is more evident at higher cement contents and lower relative densities due to higher amounts of zeolite-cement hydration products. Therefore, adding zeolite can a ect the strength of cemented sand considerably. Figure 5 shows the e ects of porosity, n, on the peak strength of zeolite cemented sand (up to 50% cement replacement). UCS reduced with the increases in porosity of both zeolite and cement samples. The loss of strength rate is more for cemented mixtures and samples cured in 7 days; the loss of strength rate for 28 and 90 days of curing times of zeolite cemented samples is relatively minor. In other words, when cement is replaced by optimum zeolite (30%), the variation of UCS is approximately constant by increasing porosity. Therefore, the e ectiveness of using zeolite instead of cement is greater in more porosity blends.
Porosity e ect
Curing time e ects
The variation of curing time a ects the UCS of zeolite cemented sand mixtures presented in Figure 6 (up to 50% cement replacement). As one can see, Figure 6 shows that by increasing curing time, UCS increases with decreasing rate.
Evaluation of UCS using polynomial model
One of the main objective of this research is to develop a polynomial function of input zeolite-cemented sand parameters to estimate the USC as output. It can be seen from Figures 3 that for zeolite-cemented materials, the UCS behave approximately polynomially with the increase in the zeolite content. As presented in Table 2 , polynomial formulas based on Voltra series are one of the best ts, where C and Z are the cement and zeolite percentages of 100 g total dry soil. At high dry densities (more compacted mixtures), there are many more contacts between the products of the cement hydration and soil particles, and so the e ectiveness of the cement is greater. 4.4.1. E ect of porosity As shown in Figure 5 , there exists a relationship between the UCS and the porosity adjusted by polynomial function for the zeolite cemented soil mixtures. It can be seen that the rates of change of UCS with porosity for 7-day curing time and after 28-day curing time are substantially di erent. One way to make the variation rates of porosity compatible is through the application of polynomial model (voltra series) to previous polynomial model of them. It was found that for the relationship between UCS and porosity, the optimum t could be obtained by applying polynomial models as shown in Table 3 , with its performance available in Figure 7 ; in Table 3 , where C and Z are the cement and zeolite percentages of 100 g total dry soil with porosity (n) in percent.
E ect of curing time
The e ects of curing time on the UCS of the zeolite cement soil are shown in Figure 6 . As shown in Figure 6 , with the increase of curing time, UCS increases polynomially with decreasing rate. Therefore, polynomial function can well estimate the relation between UCS and curing time of both zeolite and cemented soil specimens with a di erent porosity (Figure 8 ).
The corresponding polynomial representation of such a model for UCS is as follows: 
where C and Z are the cement and zeolite percentages of 100 g total dry soil with porosity (n) in di erent curing times (d).
Performance of polynomial models
The structure of the evolved polynomial models is shown in Figure 9 corresponding to the input representations for di erent conditions such as the e ect of zeolite, porosity, and curing time.
The polynomial models show one of the best correlations by assuming di erent conditions, and the proposed equation results in points more closely located around the 1:1 line. It can be seen that the polynomial models could successfully model and predict the output of testing data that have not been tested.
Absolute fraction of variance (R 2 ), Root Mean Squared Error (RMSE), Mean Absolute Percent Error (MAPE), and Mean Absolute Deviation (MAD) are used to evaluate the performance of the proposed equations and models, which are de ned as follows: 
where C mi and C pi are the measured and predicted UCS. The lower the values of the RMSE, MAPE, and MAD are, the better the model performance will be. Under ideal conditions, an accurate and precise method gives R 2 of 1.0, RMSE, MAPE, and MAD of 0. In Table 4 , the values of RMSE, MAPE, and MAD are found for the polynomial model in di erent condition stages.
On the other hand, for cemented sand, a power function can t as the relation between UCS and porosity (n) of cemented soil specimens as voids/volumetric cement content ratio ( n Cv ) parameter that has been investigated by several researchers. In this part, based on only the cemented sand samples, parameters of voids/cement model are adjusted and compared to this study's correlations (equations presented in Table 3 with value of zeolite =0) as in Figure 10 . As shown in Figure 10 , the predictability of the polynomial model is satisfactory in comparison with the voids/cement ratio model. 4.4.4. Sensitivity analysis Because the polynomial model produced by Eq. (11) is in the form of complex equations; thus, the e ect of input parameters on the model output is not clearly evident. The sensitivity analysis of the obtained model is carried out to evaluate the in uence of the input parameters on the model output. The sensitivity 
Results of the sensitivity analysis of the obtained model are shown in Figure 11 . It can be noticed from this gure that the UCS is considerably in uenced by the cement content. Also, curing time has little e ect on the correlation.
The results presented in this paper, therefore, suggest that an engineer can choose the appropriate amount of cement, zeolite, and compaction energy to provide a mixture that meets the strength required by the project at the optimum cost using polynomial model as represented by voltra series for given characteristics, percentage, and curing time. The polynomial models can also be useful in the eld control of zeolite in soil-cement layers. Once a poor compaction has been identi ed, through these study models, one can readily take account of the design and corrective measure adoption, accordingly, such as the zeolite of the treated layer or the reduction in the load transmitted. It is important to make clear that the trends observed herein are relevant to the soil, cement, and zeolite type and content used in the present research, and that further studies are necessary to generalize such ndings.
Conclusions
The zeolite insertion causes an increase in uncon ned compression strength in the cemented soil (for the whole range of cement studied).
Other remarks of the paper are:
The addition of cement, even in small amounts, greatly improved the soil strength of zeolite cement and cemented soils. For the cement contents studied here, the uncon ned compression strength increased approximately linearly with the increase in the cement content; for the cement replaced by zeolite samples, UCS increased and decreased through zeolite replacement with polynomial correlations. The optimum value of zeolite for all cement contents was 30% which improved UCS 20 to 80% and 20 to 60% for 28-day and 90-day samples, respectively. The rate of strength gain, represented by Figure 5 , increased with the decrease in the dry density and the increase in cement content. It is indicated that the e ectiveness of the zeolite is greater in more cemented and less compacted mixtures; The decrease in the porosity of the compacted mixture greatly improved the strength for the cemented soils and slightly improved the strength for zeolite cement mixtures. It is shown that the uncon ned compressive strength increases in power model with the reduction in the porosity of the compacted mixture; The polynomial models, de ned by cement and zeolite contents, porosity of the compacted mixture, and curing time have been shown to be a more appropriate model to evaluate the uncon ned compression strength of zeolite soil-cement mixtures studied; The developed polynomial model proved to be more e cient than previous correlations, and cement content appeared to be the most in uential on the UCS value.
